Background. Our objective was to characterize the relationship of low and high hemoglobin concentrations and normocytic, microcytic, and macrocytic anemia with cross-sectional cognition and change in cognition over a median of 6 years. Methods. Cross-sectional and prospective analyses of 13,133 participants (mean age 57 years, 56% women, 24% black, 10% anemia) in the Atherosclerosis Risk in Communities (ARIC) study (baseline 1990-1992) were carried out. Anemia was defined as hemoglobin concentrations lower than 13 g/dl for men and lower than 12 g/dl for women and was subclassified as normocytic (mean corpuscular volume [MCV] 80-100 fL), microcytic (MCV < 80 fL), and macrocytic (MCV > 100 fL). Cognition was assessed by delayed word recall test (DWRT), digit symbol substitution test (DSST), word fluency test (WFT), and global Z-score at Visit 2 (1990)(1991)(1992) and Visit 4 (1996Visit 4 ( -1998. Adjusted linear regression models and splines were used. Results. Cross-sectionally, anemia overall was associated with lower cognitive test scores on DSST and global Z-score among men and women (all p < .05), but not on DWRT or WFT. Anemia subtypes were associated similarly with cognition, with strongest associations for the DSST and global Z-score. Additionally, elevated hemoglobin level was associated with nonsignificantly worse cognition in cross-sectional analyses, suggesting a nonlinear association of hemoglobin with cognition. In contrast, anemia overall and anemia subtypes were not associated with cognition in prospective analyses (all p > .05).
The prevalence of anemia, defined as hemoglobin concentrations lower than 13 g/dl for men and lower than 12 g/dl for women (1) , increases with age, with approximately 6% prevalence among those aged 50-64 years and 11% prevalence among those aged ≥65 years (2) . Among older individuals (age ≥ 65 years), anemia has been shown to be associated with cognitive impairment and with increased risk for incident dementia in some studies (3) (4) (5) (6) , but not in others (7) . It has also been suggested that elevated hemoglobin concentrations (defined as hemoglobin concentrations >17.5 g/dl for men and >15.5 g/dl for women) may also be associated with impaired cognition and risk of incident dementia risk among older individuals, possibly due to hyperviscosity (5, 6) . Little is known, however, about the association of the entire spectrum of the hemoglobin distribution with cognition and change in cognitive function over time among both white and black individuals with mean age less than 65 years. Further, most published studies on the association of hemoglobin with cognition and dementia have been smaller (≤1,435 participants) (4, 8, 9) and cross-sectional in design (4) . Additionally, little is known about the associations of different subtypes of anemia (normocytic, microcytic, and macrocytic) with cognitive function, all of which may be similarly associated with cognition due to chronic inadequate cerebral oxygenation.
Our objective was to characterize the relationship of the spectrum of hemoglobin concentrations with cognition at baseline and with change in cognitive function over a median of 6 years. We additionally sought to investigate relationships of anemia subtypes (normocytic, microcytic, and macrocytic) with cognitive function. We hypothesized that both low hemoglobin levels (ie, those consistent with a diagnosis of anemia) and elevated hemoglobin levels would be associated with lower cross-sectional cognitive function and with a greater decline in cognitive function over the 6-year follow-up period. Further, we hypothesized that the anemia subtypes of normocytic, microcytic, and macrocytic anemia would have similar associations with cognitive function and dementia risk.
Methods

Study Design
The Atherosclerosis Risk in Communities (ARIC) study is an ongoing, community-based prospective cohort study of 15,792 individuals that was designed to investigate the etiology and natural history of atherosclerosis, the etiology of clinical atherosclerotic diseases, and variation in cardiovascular risk factors, medical care, and disease by race, gender, location, and date (10) . All individuals aged 45-64 years living in the four study communities (suburbs of Minneapolis, MN; Washington County, MD; Forsyth County, NC; and Jackson, MS) were eligible for enrollment in the study at Visit 1 (1987 Visit 1 ( -1989 , regardless of medical comorbidities, and study participants were selected via probability sampling (10) . Four subsequent in-person visits have taken place in 1990-1992 (Visit 2), 1993-1995 (Visit 3), 1996-1998 (Visit 4), and 2011-2013 (Visit 5). The ARIC study has been approved by the Institutional Review Boards of all participating institutions. All participants gave written informed consent at each study visit.
Cognitive testing was first performed at ARIC Visit 2 (1990-1992) . Therefore, ARIC Visit 2 serves as the baseline for the present study. Of the 14,348 participants who attended Visit 2, we excluded 91 who self-identified as other than white or black race or self-identified as black at the Minnesota or Maryland study centers, 59 who experienced a stroke prior to baseline, 134 missing hemoglobin data, 189 missing cognitive test data, and 742 missing data on covariates included in statistical models, leaving a total of 13,133 participants included in the present study.
Hemoglobin Measurement and Hemoglobin Category Definitions
Hemoglobin was measured from blood samples obtained at ARIC Visit 2 (1990-1992) using automated hematology analyzers: Coulter S+IV (calibration S-Cal, Beckman Coulter, Fullerton, CA) in Maryland and Mississippi, Coulter S+III and Coulter S+IV (calibration S-Cal, Beckman Coulter) in Minnesota, and Technicon H-6000 (calibration Fisher, Technicon Corporation, Tarrytown, NY) in North Carolina. Anemia was defined according to World Health Organization criteria: hemoglobin concentrations lower than 13 g/ dl for men and lower than 12 g/dl for women (1) . Anemia was subclassified as normocytic (mean corpuscular volume [MCV] 80-100 fL), microcytic (MCV < 80 fL), and macrocytic (MCV > 100 fL) (1). Normal hemoglobin was defined as hemoglobin concentrations of 13-17.5 g/dl for men and of 12-15.5 g/dl for women (1) . Elevated hemoglobin was defined as hemoglobin concentrations higher than 17.5 g/dl for men and higher than 15.5 g/dl for women (1) .
Measures of Cognitive Function
Cognition was assessed at ARIC Visit 2 (1990 Visit 2 ( -1992 and Visit 4 (1996-1998) using three standard tests: the delayed word recall test (DWRT) (11), the digit symbol substitution test (DSST) from the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (12) , and the word fluency test (WFT) (13, 14) . Identical protocols were used at Visit 2 and Visit 4 and at all study centers. Trained examiners administered the cognitive tests in a fixed order during one session in a quiet room. Examiner performance was recorded and reviewed routinely to ensure consistency. Normative data derived from a healthy subsample of ARIC study participants have been previously published (15) .
The DWRT (11) is a test of verbal learning and recent memory. Participants were given 10 common nouns that they were asked to learn by using each word in a sentence. Two exposures to the words were given. After a 5-minute delay, participants were given 1 minute to recall the words. The score for the DWRT is the number of words correctly recalled (range 0-10 words), and the mean ARIC normative scores ranged from 5.9 to 7.0 words, depending on race and education level (15) .
The DSST (12) is a test of executive function, processing speed, and new learning. Participants were given 90 seconds to translate numbers to symbols using a key. The score for the DSST is the total of numbers correctly translated to symbols (range 0-93 points), with mean ARIC normative scores ranging from 26.3 to 50.8, depending on race and education level (15) .
The WFT (13, 14) is a test of executive function and language. Participants were given 1 minute per letter to generate as many words as possible beginning with the letters F, A, and S, avoiding proper nouns. The score for the WFT is the total number of acceptable words generated for the three letters. The mean ARIC normative scores range from 22.3 to 40.6 words, depending on race and education level (15) .
We generated Z-scores for each cognitive test at Visit 2 and Visit 4. All Z-scores were standardized using the Visit 2 mean and standard deviation. We averaged individual test Z-scores from Visit 2 and Visit 4 to create a global cognition Z-score for each visit, which were standardized using the Visit 2 global Z mean and standard deviation.
Covariates
All covariates used in the regression models were assessed at Visit 2 (1990 Visit 2 ( -1992 , unless otherwise stated. All continuous variables were centered at median values. Covariates included age (years; continuous), sex (male; female), race/center (Minnesota whites; Maryland whites; North Carolina whites; North Carolina blacks; Mississippi blacks), education (<high school; high school or equivalent; >high school; assessed at Visit 1), income (<$35,000/year; ≥$35,000/year; not reported; assessed at Visit 1), cigarette smoking (current; former; never), alcohol consumption (current; former; never), body mass index (kg/m 2 ; continuous), total cholesterol (mg/dl; continuous), high density lipoprotein cholesterol (mg/dl; continuous), diabetes (defined as self-reported physician diagnosis, medication use, fasting glucose ≥ 126 mg/dl, or nonfasting glucose ≥ 200 mg/dl), hypertension (defined as medication use, systolic blood pressure ≥ 140 mmHg, or diastolic blood pressure ≥ 90 mmHg), estimated glomerular function rate (calculated using the Chronic Kidney Disease Epidemiology Collaboration [CKD-Epi] formula (16); mL/min per 1.73 m 2 ; continuous), and APOE ε4 genotype (0, 1, 2 ε4 alleles).
Statistical Analysis
Baseline characteristics of the study population are presented by hemoglobin category (anemia; normal hemoglobin; elevated hemoglobin) and by sex and were compared using Student's t-tests, chi square tests, Wilcoxon rank sums tests, and Fisher exact tests. A priori, we decided to present all results stratified by sex due to the different definitions of anemia and elevated hemoglobin by sex. Linear regression models were used to assess the cross-sectional associations of hemoglobin category and anemia subtypes with cognitive test performance at Visit 2 (1990 Visit 2 ( -1992 . Plots of residuals versus predicted values were used to assess linearity. We also modeled the associations of continuous hemoglobin with cross-sectional cognitive test performance using a restricted cubic spline model. Linear regression models were also used to estimate associations with change in cognitive test scores over a median of 6 years among the n = 10,283 participants with cognitive test at both Visit 2 (1990 Visit 2 ( -1992 and Visit 4 (1996 Visit 4 ( -1998 . To assess for possible survival bias in these analyses, we compared baseline characteristics of participants included and excluded from our cognitive function change analyses using Student's t-tests, chi square tests, Wilcoxon rank sums tests, and Fisher exact tests. We additionally repeated our cross-sectional analyses restricted to the 10,283 participants with cognitive test data at both Visit 2 and Visit 4. Our statistical models were adjusted for demographic (age, gender, race/field center), behavioral/socioeconomic (education, income, cigarette smoking status, alcohol consumption, body mass index), and cardiovascular and genetic risk factors (total cholesterol, high density lipoprotein cholesterol, diabetes, hypertension, estimated glomerular function rate, and APOE ε4 genotype). We formally tested for interaction by age, sex, and race.
All reported p values are two sided, and p values less than .05 were considered statistically significant. All analyses were performed using Stata Version 13 (StataCorp, College Station, TX).
Results
Baseline characteristics (ARIC Visit 2, 1990-1992) of the 13,133 participants by hemoglobin category and by sex are shown in Table 1 . Overall, the mean age of participants was 57 years, 56% of participants were women, and 24% were black. A total of 1,343 participants (10%) were classified as having anemia (6% of men and 14% of women). Compared with those with normal hemoglobin, those with anemia were more likely to be black (47% vs 17%, p < .001 for men and 51% vs 24%, p < .001 for women), have less than high school education (31% vs 20%, p < .001 for men and 27% vs 21%, p < .001 for women), and have low estimated glomerular function rate (<60 mL/min per 1.73 m 2 ; 9% vs 2%, p < .001 for men and 5% vs 2%, p < .001 for women). Compared with those with normal hemoglobin, those with elevated hemoglobin were more likely to be current smokers (71% vs 24%, p < .001 for men and 64% vs 22%, p < .001 for women). Mean scores for the DWRT, the DSST, and the WFT fell into the mean ARIC-derived normative range for all hemoglobin and sex categories, suggesting that on average, participants had normal cognitive functioning at baseline (15) .
The cross-sectional associations of anemia and anemia subtypes with cognition are shown in Table 2 Normocytic anemia was associated with significantly worse performance on the DSST and global Z-score among men and women (all p < .05). Microcytic anemia was associated with significantly worse performance on the DWRT and global Z-score among men (all p < .05) and on the DSST among women (p < .05). Associations of macrocytic anemia showed similar patterns, but were limited by low power (n = 20 with macrocytic anemia). There was no evidence for interactions by age, sex, or race (all p interaction > .50). Figure 1 shows the continuous cross-sectional associations of hemoglobin with cognitive test score on the DWRT, the DSST, the WFT, and the global Z-score by sex. There was suggestion of a nonlinear association of hemoglobin with performance on the DWRT, the DSST, the WFT, and the global Z-score in men and on the DSST, the WFT, and the global Z-score in women. Consistent with the hemoglobin category analyses, lower hemoglobin concentrations were associated with significantly lower scores on the DSST and the global Z-score, compared with the median hemoglobin concentration, in both men and women. However, assessment of higher hemoglobin concentrations is limited by small numbers of participants with elevated hemoglobin (n = 56 women with hemoglobin level >15.5 g/dl and n = 21 men with hemoglobin level >17.5 g/dl) and was not statistically significant for any cognitive test (all p > .05) ( Table 2) .
In contrast to the cross-sectional results, anemia overall and elevated hemoglobin were not significantly associated with greater decline in performance on any of the cognitive tests over a median of 6 years in men and in women (all p > .05) ( Table 3) . Results were similarly not significantly associated with greater cognitive decline for anemia subtype analyses for both men and women (all p > .05) ( Table 3 ). There were not any interactions by age, sex, or race (all p interaction > .50). However, as shown in Supplementary Table 1 , compared with those who were included in the cognitive function change analyses (n = 10,283), the 2,850 participants excluded due to missing Visit 4 (1996-1998) cognitive test scores were older (58 years vs 57 years at Visit 2, p < .001), more likely to have less than high school education (33% vs 18%, p < .001), hypertension (46% vs 33%, p < .001), diabetes (20% vs 10%, p < .001), anemia (14% vs 9%, p < .001), and scored lower on all baseline cognitive tests (all p < .001). Cross-sectional analyses restricted to the 10,283 participants with cognitive test data at both Visit 2 and Visit 4 were slightly less precise due to smaller numbers, but not appreciably different from our main cross-sectional analyses (Supplementary Table 2 ).
Discussion
In this community-based population of 13,133 white and black adults with mean baseline age of 57 years, low concentrations of hemoglobin (consistent with a diagnosis of anemia: hemoglobin concentrations <13 g/dl for men and <12 g/dl for women (1)) were associated with significantly lower cognitive test scores on the DSST and global Z-score at baseline. We also observed a nonsignificant association of higher concentrations of hemoglobin with lower Notes: *Anemia defined as hemoglobin concentrations <13 g/dl for men and <12 g/dl for women. Normal hemoglobin defined as hemoglobin concentrations of 13-17.5 g/dl for men and of 12-15.5 g/dl for women. Elevated hemoglobin defined as hemoglobin concentrations >17.5 g/dl for men and >15.5 g/dl for women. eGFR = estimated glomerular function rate; HDL = high density lipoprotein cross-sectional cognitive test scores, suggesting a possible nonlinear association of hemoglobin with cognition. However, in contrast, we did not see significant results for 6-year change in cognition.
Our results are consistent with those from the Rush Memory and Aging Study (5, 6) , which reported nonlinear (U-shaped) associations of hemoglobin with cross-sectional cognitive function over a median of 3 years among individuals with mean age of 81 years at baseline. Further, similar to other cross-sectional studies (5, (17) (18) (19) , we found anemia to be associated with poorer global cognitive function, but this association may be specific to measures of processing speed and executive function (the DSST, in particular) and not to memory. This apparent selective involvement of domains typically involved in vascular cognitive impairment suggests that anemia may relate to cognitive function via vascular mechanisms rather than neurodegenerative mechanisms. Both low and high concentrations of hemoglobin may be associated with cognitive impairment by mechanisms resulting in inadequate cerebral oxygenation, which in turn may lead to impaired cerebral perfusion and cerebral function (ie, vascular mechanisms) (20) . The response of the brain to anemia is vasodilation, with resultant increases in cerebral blood flow, in an attempt to compensate for the decrease in hemoglobin. Eventually, as hemoglobin concentrations fall, this compensation fails and cerebral blood flow becomes inadequate, sometimes leading to impaired cerebral function and ischemia (21) . Both clinical (22, 23) and subclinical (24) ischemia are known risk factors for cognitive decline and dementia. We saw similar associations of normocytic, microcytic, and macrocytic anemia with cognitive performance, which suggests a common mechanism. However, associations with microcytic anemia, likely representing iron deficiency anemia, may also be via oxidative stress in the brain, which has been associated with iron dysregulation (25) . Elevated hemoglobin levels may represent hyperviscosity, hypovolemia, polycythemia vera, or pulmonary disease, all of which may lead to cerebral hypoxia and impaired cerebral function, which could then lead to impaired cognition (5, 26) . The incidence and prevalence of anemia and elevated hemoglobin both increase with age (27, 28) , suggesting that older individuals may be more at risk compared with younger individuals for cerebral hypoxia secondary to either low or high concentrations of hemoglobin. However, many types of anemia and elevated hemoglobin are treatable if identified (eg, iron deficiency anemia, vitamin B12 deficiency anemia, polycythemia vera) (27, 28) , but it remains unknown whether treatment of anemia and elevated hemoglobin has any impact on cognition and development of dementia.
In contrast to other prospective studies assessing change in cognitive function (6,29), we did not find evidence of an association of anemia with cognitive decline. However, this may be due to the relatively younger age of our participants (mean age 57 years), limited follow-up for cognitive decline (6 years), and likely selection biases whereby those participants who did not attend the follow-up visit were more likely to be older, were less educated, and have multiple vascular risk factors, which would put them at increased risk for cognitive decline. Alternatively, although we adjusted for likely confounders, the fact that we did not find associations with cognitive change may be due to unmeasured confounders in the observed cross-sectional relationships (that would not be present in a change analysis) (30), suggesting that anemia may not be directly associated with cognitive decline. This explanation would be consistent with prior research that has shown that education is not significantly associated with cognitive decline, although it is associated with cross-sectional cognitive function (31) .
Certain limitations should be considered in the interpretation of our study. We had limited power to evaluate associations of elevated hemoglobin with cognitive function as only 56 women had hemoglobin concentrations higher than 15.5 g/dl and 21 men had hemoglobin concentrations higher than 17.5 g/dl in our study population. Therefore, Notes: *Adjusted for age, gender, race/field center, education, income, cigarette smoking status, alcohol consumption, body mass index, total cholesterol, high density lipoprotein cholesterol, diabetes, hypertension, eGFR, and APOE ε4 genotype. † Anemia defined as hemoglobin concentrations <13 g/dl for men and <12 g/dl for women. Normocytic anemia defined as anemia with MCV 80-100 fL. Microcytic anemia defined as anemia with MCV <80 fL. Macrocytic anemia defined as anemia with MCV >100 fL. Normal hemoglobin defined as hemoglobin concentrations of 13-17.5 g/dl for men and of 12-15.5 g/dl for women (reference). Elevated hemoglobin defined as hemoglobin concentrations >17.5 g/dl for men and >15.5 for women.
Bolded data represent p < .05.
these analyses on the association of elevated hemoglobin with cognition should be interpreted as exploratory and hypothesis generating. We were also unable to assess the etiology of anemia, but we were able to investigate potential differential associations of normocytic, microcytic, and macrocytic anemia (defined by MCV) with cognitive function and cognitive change, although our power was limited in assessing associations with macrocytic anemia (n = 20 participants).
Our study also has a number of strengths, including a large sample size of more than 13,000 white and black participants (mean age <65 years at baseline) with a median of 6 years of follow-up for cognitive test performance. Our study also had comprehensive measurement of confounders and data on three cognitive tests measured at two different time points, which allowed us to explore the association of hemoglobin with different cognitive domains. In conclusion, in this community-based population, there was suggestion of a nonlinear association between hemoglobin concentrations and cross-sectional cognitive function, although only associations of low levels of hemoglobin (anemia) were statistically significant. Normocytic, microcytic, and macrocytic subtypes of anemia had similar associations with cross-sectional cognitive test scores, but we did not see any prospective associations of hemoglobin with cognitive function. Future large studies with long follow-up time are needed to further describe associations of both low and high hemoglobin concentrations with cognition and to further describe the associations of different anemia subtypes with cognition, in order to further understand mechanisms underlying these associations. Table 3 . Sex-stratified Adjusted* β-coefficients (95% confidence intervals) for Change in Cognitive Test Scores (ARIC Visit 2, 1990 Visit 2, -1992 to ARIC Visit 4, 1996 Visit 4, -1998 *Adjusted for age, gender, race/field center, education, income, cigarette smoking status, alcohol consumption, body mass index, total cholesterol, high density lipoprotein cholesterol, diabetes, hypertension, eGFR, and APOE ε4 genotype. † Anemia defined as hemoglobin concentrations <13 g/dl for men and <12 g/dl for women. Normocytic anemia defined as anemia with MCV 80-100 fL. Microcytic anemia defined as anemia with MCV <80 fL. Macrocytic anemia defined as anemia with MCV >100 fL. Normal hemoglobin defined as hemoglobin concentrations of 13-17.5 g/dl for men and of 12-15.5 g/dl for women (reference). Elevated hemoglobin defined as hemoglobin concentrations >17.5 g/dl for men and >15.5 g/dl for women.
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